Introduction
Aircraft engine turbine inlet temperatures and industrial system temperatures continue to climb to meet aggressive cycle thermal efficiency goals. Advanced material systems including monolithic/composite ceramics, intermetallic alloys (i.e. nickel aluminide), and carbon-carbon composites are being explored to meet aggressive temperature, durability, and weight requirements. Incorporating these materials in the high temperature locations in the system, designers must overcome materials issues such as differences in thermal expansion rates and lack of material ductility.
As will be discussed in this report, designers are finding that one way to avoid cracking and buckling of the high temperature brittle components rigidly mounted in their support structures is to allow relative motion between the primary and supporting components. The feasibility of applying braided rope seals for both an industrial and turbine vane seal application was investigated in this study:
Industrial
Tube Seal. In the industrial tube seal application, a seal is designed to serve as a seal and a compliant mount allowing relative thermal growth between the high temperature, low-expansion rate primary structure and a higher expansion rate structural support preventing excessive thermal strains and stresses. Two seals were examined for this study. The first all-ceramic seal consists of a tightly packed ceramic core overbraided with a ceramic sheath for low-leakage, low scrubbing environments. The second hybrid seal consists of a tightly packed ceramic core overbraided with a superalloy wire sheath, and was tested as an abrasion-resistant alternative. 
Apparatus and Procedures

Flow Tests
Flow experiments were performed on braided rope seals in a high temperature flow and durability test rig,
shown schematically in Fig. I . Test seals of approximately 7.8 in. in length were mounted in the grooves of the piston, and the piston/seal assembly was inserted into the cylinder.
The free ends of the seals were joined together in the groove by means of a short lap joint. Preload was applied to the seals through a known interference fit between the seal and the cylinder inner diameter. Preload was varied by mounting stainless steel shims in the piston groove under the seal. During flow testing, hot pressurized air entered at the base of the cylinder and flowed to the test seal that sealed the annulus created by the cylinder and piston walls. For all tests the piston-to-cylinder radial gap was 0.007 in. The Inconel X-750 test fixture is capable of testing seal flow and durability at temperatures between 70 and 1500°F, pressures between 0 and 95 psig, and flows between 0 and 3.5 SCFM.
The rig is externally heated by two 1 kW ceramic fiber radiant heaters (Fig. 1) relative radial growth of the cylinder surface away from the piston surface.
Thermal growth differential also exists between the ceramic-based seal and the superaiioy piston. As the piston circumferentially outgrows the seal, the seal ends move apart. In order to account for this, the seal free ends were joined together as a lap joint (Fig. 1) . The lap joint prevents a free flow path from occumng. A lap joint of 3/32" length minimum was used to prevent joint opening and to mitigate the effects of 1/16" in relative piston-toseal differential circumferential growth.
Compression Tests
Experiments were conducted in order to determine the preload behavior of seals with respect to the linear crush This loading procedure was repeated for at least three cycles in order to remove seal hysteresis. Preioad was determined from the last (generally third) loading cycle after the majority of hysteresis had been removed. Using the last cycle compression data ensures that the seal will experience this preload after settling has occurred. This compression procedure was validated using "seal overhang" or "residual-interference" measurements collected in the flow fixture after the flow tests. After each test the amount that the seal extended radially out of the piston groove was measured. This measurement gages the seal's compression-set or conversely the retained seal interference (e.g. preload) when loaded into the cylinder.
The seal overhang data agreed to within 0.001 in. to that expected from the last cycle compression data.
Seal Specimens
Industrial Tube Seal Application
The all-ceramic rope seal was tested as the primary seal for the industrial tube seal application. The all-ceramic rope seal consists of a dense uniaxial core of ceramic fibers overbraided with a 2-layer ceramic sheath. These seals were selected for several reasons. The Nextel 550 fibers can operate to 2000°F continuously (2200+°F short term), are inert, and resist abrasion 7 better than either the Nextel 312 or 440 fibers. Small, 8 _aa Nexte1550 fibers were selected for both the core and the sheath to minimize leakage through the seal and between the sheath and adjacent surfaces. Table 1 gives details of the seal sheath and core construction and specific materials. A hybrid seal discussed below was also tested as an abrasion-resistant alternative. 
Differential
Results and Discussion
Industrial Tube Seals (Table 2 ). This observation may be attributed to a more uniform footprint between the 1/ 16 in. 
Effect of Temperature.
For all seals, the flow rates at elevated temperatures were significantly lower than flow rates at room temperature, with the exception of the 100 psi preload condition. Gas viscosity increases with temperature, which suggests that flow will decrease with temperature. However, in some instances for all-ceramic The seal sheatJ_ was not damaged away from the lap joint.
Some minor w_e bending is noticed at the joint.
Comparison to Flow Goal. Examining Table 2 2, 5, 10, 20, 40, 60, 80 and 95 psid), and two scrubbing conditions (no scrubbing and 10 cycles of 0.3 in. scrubbing at 1500°F).
As with the previously described lower preloads, seal flow performance for the hybrid seals did not appreciably degrade after hot scrubbing at elevated temperatures for the 500 and 675 psi nominal preload conditions. Seal flow was linearly dependent on pressure (2-95 psid). After scrubbing, the seal sheath was not damaged and only minor wire bending was noticed at the lap joint. Additionally, the flow decreased with increasing temperature at both the 500 and 675 psi nominal preload conditions. A synopsis of flow results (after hot scrubbing) for the vane seal application showing the effects of temperature, pressure and preload on the seal flow is shown in Fig. 12 .
At 1500°F and operating pressure of 95 psid, increasing the preload from 0.018 to 0.020 in. compression reduced leakage by one-third.
Vane Seal Application S_tw, cifics
Geometry.
Through discussions GE and NASA arrived at a vane attachment technique indicated in Fig. 13 . The turbine vane is sealed and supported at the outer shroud location using a preloaded hybrid seal of the type described herein. The seal acts as a compliant mount supporting aerodynamic loads and allows the vane to grow in the span-wise (e.g. radially outward) direction during heat-up and cool-down without excessive thermal stress. The seal also minimizes leakage of coolant bleed air past the seal into the turbine thereby minimizing parasitic thermal efficiency losses. 
Summary and Conclusions
As operating temperatures of advanced gas turbine and industrial systems continue to rise designers face more difficult challenges of implementing high temperature structural materials and seals to meet system performance goals. To maximize efficiency, coolant flows are being reduced to their practical minimum requiring low-leakage 
